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Differential upregulation of rat Na-K-Cl cotransporter, rBSC1,
mRNA in the thick ascending limb of Henle in different patho-
logical conditions.
Background. Na-Cl cotransport across the apical membrane of
epithelial cells in the thick ascending limb of the loop of Henle
(TAL) plays a major role in salt accumulation for hypertonic
medullary interstitium. The electroneutral, rat bumetanide-sensi-
tive sodium transporter, rBSC1, is involved in this process. We
studied the level of rBSC1 mRNA in dehydration and cardiac
failure, since sodium transport in TAL may be enhanced in both
conditions in spite of the difference in extracellular fluid accumu-
lation.
Methods. Male Sprague-Dawley rats were deprived of water for
24 hours and myocardial infarction of about 40% of left ventric-
ular circumference was induced in another group of rats that later
developed congestive heart failure (CHF). Digoxigenin-labeled
cRNA probe for rBSC1 was constructed using polymerase chain
reaction (PCR), and Northern blot analysis was performed using
RNAs from renal outer medulla. By inducing a point mutation at
the middle of PCR product, we compared the amount of rBSC1
transcripts in the renal cortex using competitive PCR, since TAL
represents a small fraction of the total cortical tissue.
Results. Northern analysis showed a significant increase in
rBSC1 mRNA in the renal outer medulla of both dehydrated and
CHF rats. In the renal cortex, however, the increase was noted
only in CHF by competitive PCR. In situ hybridization using the
riboprobe for northern analysis demonstrated that the transcript
signal in dehydrated rats was intensified segmentally in TAL
located in the inner stripe of outer medulla. Western analysis and
immunohistochemistry using a specific antibody against rBSC1
confirmed the distinct segmental enhancement of apical protein
expression in dehydration and diffuse enhanced expression in
CHF.
Conclusions. rBSC1 is differentially upregulated in different
pathological conditions.
Recent development in molecular physiology has shed
light on vasopressin (AVP)-dependent urinary concentra-
tion processes especially through the regulation of expres-
sion of the kidney specific water channel (aquaporin-2;
AQP2) in the collecting tubules [1]. The countercurrent
multiplier in the loop of Henle is another major mechanism
for urinary concentration in the kidney, and luminal NaCl
cotransport in the relatively water-impermeable thick as-
cending limb of Henle (TAL) supplies the critical source of
energy [2, 3]. A salt-absorptive form of the apical Na-K-Cl
cotransporter is thought to be involved in this process [4, 5],
and in 1994 two groups succeeded in cloning a cDNA
encoding the Na-K-Cl cotransporter from the rat (rBSC1)
or rabbit kidney, which has a high affinity for loop diuretics
such as bumetanide [6, 7]. Subsequent studies [8, 9] dem-
onstrated that this membrane protein is expressed in the
apical side of TAL.
Apical expression of AQP2 is increased in dehydration
due to enhanced transcription [1, 10, 11]. However, the
establishment and maintenance of medullary osmotic gra-
dient are basic requirements for augmented water reab-
sorption even if the number of water channels is increased.
Recently, cDNA encoding the rat urea transporter, UT2,
was identified in the rat kidney; its mRNA is probably
upregulated in response to dehydration [12]. In the present
study, we assessed the influence of dehydration on rBSC1
mRNA, assuming that the transcription is upregulated in
this condition.
In congestive heart failure (CHF), the pathophysiology
of sodium and water retention remains one of the most
poorly defined aspects of this pathological condition [13,
14]. Several studies have examined impaired sodium han-
dling and urinary diluting defects of the kidney using a rat
model of myocardial infarction [15, 16]. Ichikawa et al [16]
demonstrated an increase in tone of the efferent arterioles
and single nephron filtration, which reduce peritubular
hydraulic pressure, increase oncotic pressure, and thus,
probably lead to enhancement of reabsorption of sodium
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and water in the proximal tubules. Recent studies on the
expression of AQP2 using the same rat model have sug-
gested that increased arginine vasopressin (AVP) releases
enhanced AQP2 expression, especially in myocardial in-
farcts complicated with plasma hypoosmolarity due to
reduced plasma sodium concentration, causing excess wa-
ter reabsorption in the collecting tubules [17, 18]. However,
loop diuretics, which inhibit the transport activity of Na-
K-Cl cotransporter in TAL by binding to the surface
protein, have a critical effect on excess body fluid and salt
retention in CHF, indicating that the excess sodium may be
transported in TAL by increased transporter expression.
In the present study, we investigated the transcriptional
alterations of rBSC1 in dehydration and cardiac failure
because sodium transport in TAL may be enhanced in both
conditions as mentioned above, although their physiologi-
cal conditions for the extracellular fluid accumulation are
completely opposite. Our results demonstrate that rBSC1
mRNA is upregulated in both conditions as expected, but
the segments of the nephron at which such upregulation
occurs are different in the two conditions.
METHODS
Male Sprague-Dawley rats weighing 200 to 250 g were
used in all experiments. These rats were maintained in a
humidity- and temperature-controlled room with 12-12
hour light-dark cycle. The experimental protocol was ap-
proved by the Ethics Committee for Animal Experimenta-
tion at Tohoku University.
Experimental protocol for dehydration
A total of 20 rats were used in these experiments: 10
were deprived of water for 24 hours and another 10
age-matched rats had free access to food and water. The
body weight of dehydrated animals was measured before
and after water restriction. After 24 hours of water restric-
tion, the rats were housed individually in metabolic cages
for urine collection during a 6 hour period. In the next step,
five rats from each group were anesthetized with ether and
decapitated for immediate blood sampling for measure-
ment of plasma AVP and atrial natriuretic peptide (ANP)
concentrations, determination of hematocrit, serum urea
and creatinine, and plasma osmolality. The other five rats
from each group were deeply anesthetized by ether, placed
in the supine position, and the aorta and vena cava were
then exposed. A needle was inserted into the aorta and a
clamp was placed on the aorta and vena cava above the
renal arteries and veins. A puncture in the vena cava below
renal veins allowed blood and perfusion fluid to escape.
Both kidneys were perfused with phosphate buffered saline
(PBS) from abdominal aorta and the right kidney was
removed, divided into three parts (cortex, outer medulla,
and inner medulla), and quickly frozen in liquid nitrogen
for total RNA extraction. The left kidney was harvested
after additional perfusion with phosphate buffered 4%
paraformaldehyde (PFA). The harvested kidney was im-
mersed in the same fixative at 4°C overnight, and embed-
ded in paraffin for in situ hybridization and immunohisto-
chemistry.
An additional 10 rats were included in this study and
divided into two groups, normal controls and water-re-
stricted rats. Both kidneys were harvested for total RNA
extraction to increase the number for statistical analysis of
Northern blots.
Experimental protocol for cardiac failure
This protocol included 10 rats with cardiac failure pro-
duced by a large myocardial infarction and 10 sham-
operated rats. Left ventricular free-wall myocardial infarc-
tion was induced in male Sprague-Dawley rats weighing 200
to 250 g by a modification of the method described by
Pfeffer et al [19]. Briefly, each rat was deeply anesthetized
with ether, intubated, and artificially ventilated using a
rodent ventilator. After a left thoracotomy, the heart was
rapidly exteriorized, and the left coronary artery was ligated
between the outflow tract of the pulmonary artery and the
left atrium with a 6-0 prolene suture. The heart was then
returned to its original position, the lungs reinflated with
positive end-expiratory pressure, and the thorax was closed
by 2-0 silk sutures. The mortality rate using this method was
10 to 30% during the first postoperative day. In sham-
operated animals, the heart was exteriorized but the coro-
nary artery was not sutured. The surviving rats were
provided with standard chow and water ad libitum, and
maintained in a humidity- and temperature-controlled
room with a 12-12 hour light-dark cycle. On day 28 to 32
after operation, the rats were divided into two groups
(groups I and II), and treated as follows. Group I rats were
deeply anesthetized by ether and decapitated for immedi-
ate blood sampling, as described above in the protocol for
dehydration. Then, the heart and both lungs were har-
vested and weighed, and the heart was fixed with 10%
formalin for examination of the infarct size. To evaluate the
degree of pulmonary congestion, the lung/body weight
ratios (L/body wt, mg/g) of both lungs were calculated in
each animal. In group II, both kidneys were perfused with
PBS through the abdominal aorta, the right kidney was
removed for total RNA extraction, while the left kidney was
further perfused with phosphate-buffered 4% PFA for in
situ hybridization and immunohistochemistry as described
in the protocol for dehydration. The heart and lungs were
also harvested and treated as described for group I. Each
group consisted of five rats, with the control group sub-
jected to sham operation. The operation for myocardial
infarction was performed in more animals until we finally
obtained five rats with a moderate to large myocardial
infarct of approximately 40% of left ventricular circumfer-
ence. We excluded rats with extensive myocardial infarcts
of more than 50% of the circumference since many of these
rats developed electrolyte disorders, such as hyponatremia.
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The infarct size was determined as follows. The left ventri-
cle was fixed by immersion in 10% buffered formalin and 1
to 2 mm-thick sliced sections from apex to base were
embedded in paraffin. Every tenth section was stained with
Masson’s trichrome and mounted. These histological sec-
tions were projected onto a screen, and the fraction of the
infarcted left ventricular circumference was expressed as
the sum of all infarct dimensions divided by the sum of the
circumferences of each surface.
Preparation of riboprobes for rBSC1
The cRNA probe was prepared from a 352 bp partial
cDNA fragment of the rBSC1. This cDNA fragment was
generated by amplification of the total RNA of the rat renal
outer medulla, using polymerase chain reaction (PCR).
Total RNA was isolated from the rat kidney by guanidium/
isothiocyanate chloride method [20]. A pair of PCR prim-
ers was designed to frame a part of carboxyterminal of
BSC1 cDNA that had no homology to the rat thiazide-
sensitive Na-Cl cotransporter (rTSC1) present in the distal
convoluted tubules (DCT) [6], but had a 50% homology to
the mouse bumetanide-sensitive Na-K-2Cl cotransporter
(mBSC2) expressed in the renal inner medulla [21]. cDNA
fragments purified by gel extraction kit (QIAEXII;
QIAGEN, Heidelberg, Germany) were subcloned into
pGEM-T vector and sequenced. The nucleotide sequence
was examined by the dye-termination method using a
generic analyzer (ABI PRISM™ 310; Perkin Elmer, Nor-
walk, CT, USA), and found to be 100% identical to that for
partial fragment of rBSC1. The plasmid was transformed to
host Escherichia coli (pGEM-T Vector Systems; Promega,
WI, USA), increased in number by growth of the host E.
coli, and isolated using standard techniques. Sense and
antisense digoxigenin-UTP labeled RNA probes were syn-
thesized after linearization with Sph I or Pst I and using
SP6 or T7 RNA polymerase, respectively [DIG RNA
labeling Kit (SP6/T7); Boehringer Mannheim, Mannheim,
Germany].
Northern blot analysis of renal outer medulla
Five micrograms of total RNA from the renal outer
medulla was resolved by electrophoresis (5% formalde-
hyde, 1.0% agarose gel) and transferred to a nylon mem-
brane. The quality of RNA was assessed by ethidium
bromide stain. The following conditions were used for
hybridization: 65°C in 53 SSCP, 50% formamide, 2%
sodium dodecyl sulfate (SDS), 0.1% N-lauryl salcosine, and
5% blocking regent (Boehringer Mannheim), followed by
washing in 0.13 SSCP, 0.1% SDS at 65°C. The probe used
was a DIG-UTP labeled riboprobe constructed as men-
tioned above. Hybridization was detected by colorimetry
with NBT/BCIP (Boehringer Mannheim). The same
amount of total RNA from the outer medulla was used for
GAPDH mRNA detection to ensure equal loading of RNA
in each condition. All signals were subjected to computer-
assisted densimetric analysis and rBSC1 densimetry signals
were normalized to that of GAPDH.
Competitive PCR of renal cortex
We constructed a mimic cDNA by inducing a point
mutation for the formation of an EcoR I site in the middle
of the PCR fragment for rBSC1 cDNA. Two sets of primers
were designed between Pst I site or Sph I site in the
T-vector and middle of rBSC1 fragment, changing the
nucleotide sequence at one point in the primers for the
rBSC1 fragment to induce the EcoR I site. After amplifi-
cation by PCR using a plasmid as the template, these two
cDNAs were incubated with EcoR I and Pst I or Sph I for
three hours at 37°C. The two cDNAs were ligated with T4
DNA ligase, subcloned into Pst I-Sph I site of T-vector, and
sequenced to confirm the induction of point mutation.
Then, a series of diluted mimic cDNA was mixed with a
constant amount of sample template cDNA and co-ampli-
fied using rBSC1 primers. PCR proceeded for 25 cycles and
the products were co-incubated with EcoRI for three hours
at 37°C. The sample and mimic cDNA were designed to
produce 352 bp and 180 bp fragments, respectively. After
agarose gel electrophoresis, the intensity of the band in
each sample and mimic cDNA were measured using a
densitometer. The amount of rBSC1 mRNA in the sample
was calculated from the equivalence point (mimic cDNA/
intrinsic rBSC1 in the sample 5 1.0).
In situ hybridization
PFA fixed specimens were cut into 6 mm sections and
were placed onto 3-aminopropyltriethoxysilane-coated
glass slides. After deparaffinization and rehydration with
serial ethanol solution and PBS, the tissue sections were
treated with 0.2 N HCl for 20 minutes at room temperature
followed by 1 mg/ml proteinase K in PBS at 37°C for 15
minutes. The sections were then post-fixed in 4% PFA in
PBS again. To reduce nonspecific binding of the probe, the
sections were acetylated with 0.1 M triethanolamine coating
acetic anhydride, and then prehybridized with a hybridiza-
tion solution containing 50% deionized formamide, 20 mM
Tris HCl (pH 7.4), 5.0 mM EDTA, 0.3 M NaCl, 0.5 mg/ml
yeast tRNA, 1 Denhart’s solution and 1 mM NaH2PO4 for
two hours at 37°C. Hybridization was performed using 1 mg
of digoxigenin (DIG)-labeled cRNA, for each section,
dissolved in hybridization buffer supplemented with 10%
dextran sulfate at 37°C for 16 hours in a humid chamber.
The slides were washed sequentially in 53 standard saline
citrate (SSC; 13 SSC, 0.15 M NaCl and 0.15 M sodium
citrate) for 20 minutes, 53 SSC for 20 minutes at 42°C,
TNE buffer (0.4 M NaCl/10 mM Tris HCl/5 mM EDTA) for
15 minutes twice at 37°C. To digest excessive probe,
sections were treated with RNase A (40 mg/ml) at 37°C for
40 minutes, and washed with TNE buffer at 15 minutes, 23
SSC for 30 minutes, 0.13 SSC for 30 minutes at room
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temperature. To detect the localization of DIG, sections
were reacted with diluted 1:1500 sheep polyclonal anti-
digoxigenin antiserum conjugated with alkaline phospha-
tase (Boehringer Mannheim) for one hour at room tem-
perature. Finally, the site of alkaline phosphatase was
visualized by reaction with NBT/BCIP (Digoxigenin-nu-
cleic acid detection Kit; Boehringer Mannheim). The sec-
tions were mounted in glycerol and analyzed with a light
microscope.
Western blots
Protein was extracted from renal outer medulla of the
rats. Tissues were homogenized in 2 ml of PBS, 1% triton,
1% deoxycholate, 0.1% SDS, and 0.1 mM phenylmethylsul-
fonyl fluoride. After centrifugation at 30,000 g for 15
minutes, the supernatant was resolved by Laemmli SDS-
poyacrylamide (6 to 10%) gel eletrophoresis and trans-
ferred in 25 mM Tris-HCl, 192 mM glycine, 25% methanol
to a polyvinylidene difluoride membrane. The membrane
was blocked for one hour in 5% milk powder/TBST (10 mM
Tris-HCl, pH 8.5, 150 mM NaCl, 0.1% Tween 20). The
membrane was exposed to antibody diluted in 5% milk
powder/TBST overnight at 4°C and then to second anti-
body (peroxidase linked anti-rabbit Ig) for one hour at
room temperature. After washing in TBST, antigen-anti-
body complexes were visualized with diamenobenzidine
(DAB), H2O2, 0.1 M phosphate buffer.
Immunohistochemistry
PFA fixed paraffin-embedded sections were cut into 6
mm and then placed on siline-coated glass slides. After
deparaffinization and rehydration, the tissue sections were
immersed into 0.3% H2O2 in methanol for 15 minutes to
inactivate endogenous peroxidase, then incubated with 1%
bovine serum albumin (BSA) in PBS for one hour to
reduce non-specific binding of the antibody. Tissue sections
were further reacted for one hour with immune serum
diluted 1:500 anti-BSC1, or 1:2000 anti-Tamm-Horsfall
glycoprotein (THP) antibodies (Biogenesis, UK) in 1%
BSA in PBS. Antibody against BSC1 protein was a kind gift
from Dr. Hebert (Division of Nephrology, Vanderbilt
University, Nashville, TN, USA). Sections were washed
three times with PBS containing 0.075% Brij 35 solution
(Sigma Diagnostics), then incubated for one hour with
horseradish peroxidase (HRP)-labeled polymer conjugated
to anti-mouse and anti-rabbit immunoglobulins (ENVI-
SION; DAKO), and washed with PBS. The sites of HRP
were visualized with DAB, H2O2, and 0.1 M phosphate
buffer and analyzed with a photomicroscope.
Measurements of AVP and ANP
AVP and ANP were measured by radioimmunoassays
(RIA) as described previously [22]. Briefly, AVP and ANP
were extracted using octacasyl-silane packed in a cartridge
(Sep-Pak C18 cartridge; Waters Associates, Milford, MA,
USA) and assayed using specific antibodies to AVP and
ANP (Mitsubishi Petrochemical, Tokyo, Japan). The recov-
ery rates of added AVP and ANP were 72.4 6 6.8% (N 5
30) and 68.1 6 9.7% (N 5 30; mean 6 SD), respectively.
Inter- and intra-assay coefficients of variation for AVP and
ANP RIAs were 9.4 and 3.7% and 14.2 and 9.5%, respec-
tively [22].
Other measurements and statistical analysis
Plasma and urinary osmolalities were determined using
an Advanced Instruments osmometer (3D2; Needham
Heights, MA, USA), and plasma Na by flame photometry
(Hitachi flame photometer, 205D). Plasma creatinine con-
centration was measured by autoanalyzer. Differences be-
tween physiological and laboratory data were examined for
statistical significance using unpaired t-tests followed by
Student’s t-test. The results are expressed as mean 6 SEM.
A P value ,0.05 was considered significant.
RESULTS
Effects of dehydration on body fluid
Water restriction for 24 hours resulted in more than 5%
reduction in body weight and significantly elevated hemat-
ocrit, plasma Na and osmolality (Table 1). In addition, it
resulted in a marked reduction of urinary volume and
increased urinary osmolality. However, water restriction
did not change plasma creatinine.
Evaluation of cardiac failure
Representative examples of histological sections of the
left ventricular wall of sham-operated control and myocar-
dial infarction (infarct of 40%) are depicted in Figure 1,
and Table 2 summarizes the mean size of myocardial
infarcts. In addition to the extensive enlargement of the left
ventricular lumen as shown in Figure 1, the total lung
weight increased in rats with myocardial infarcts (expressed
as a significant increase in total lung to body weight ratio),
indicating the presence of pulmonary congestion. In spite
of cardiac dysfunction, serum creatinine, plasma osmolality
and Na concentration remained within the normal range.
Table 1. Effects of dehydration on body weight, serum urea and
creatinine, hematocrit plasma osmolality, urinary volume and osmolality
Control Dehydration
Change in body weight % ND 5.4 6 0.4
N 5 5
Hematocrit % 45.0 6 0.7 47.6 6 0.5a
Plasma
Sodium mg/dl 140 6 1 143 6 1a
Creatinine mg/dl 0.4 6 0.1 0.4 6 0.1
Osmolality mOsm/kg z H2O 291 6 2 295 6 1
b
N 10 10
Urine volume ml/6 hr 3.2 6 0.8 0.3 6 0.1a
Osmolality mOsm/kg z H2O 1111 6 85 2970 6 137
a
a P , 0.01 vs. control
b P , 0.05 vs. control
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rBSC1 mRNA expression in renal outer medulla and
cortex
We used different molecular methods to compare the
level of rBSC1 mRNA in the outer medulla and cortex of
the kidney, since the distribution of TAL in the renal cortex
is much more limited compared with that in the outer
medulla. Figure 2 shows the Northern blot analyses of the
outer medulla of the kidney between normal control and
dehydrated, and between sham-operated control and CHF
rats. Densimetric analyses of five such blots demonstrate
the statistically increased signal of rBSC1 mRNA in both
dehydrated and CHF tissue samples. Competitive PCR of
mRNAs from the renal cortex, however, demonstrated
increased rBSC1 mRNA only in CHF, as shown in Figure
3. The intensity ratio between intrinsic rBSC1 and mimic
cDNA calculated at each lane is plotted (Fig. 3B) against
the amount of mimic cDNA. The amount of rBSC1 was
determined based on the equivalent point (mimic cDNA/
intrinsic rBSC1 5 1.0). The average of five such determi-
nations is demonstrated in Figure 3C, confirming the high
level of rBSC1 mRNA in renal cortex of CHF rats.
Local expression of rBSC1 transcripts by in situ
hybridization
Figure 4 shows the hybridization characteristic of the
cRNA probe for rBSC1. The identity of TAL was deter-
mined by staining with anti-THP antibody, which is known
to label TAL [7]. The results of double-labeling experi-
ments using both antibodies against THP (Fig. 4A) and
antisense cRNA for BSC1 (Fig. 4B) demonstrated that
medullary TAL identified by anti-THP antibody stained
completely with the cRNA probe. In control experiments
using sense cRNA for BSC1 transcripts, only a background
level of hybridization was noted (data not shown). Results
of in situ hybridization of renal tissues from normal control,
dehydrated and CHF rats are shown in Figure 5. Repre-
sentative sections are the inner stripe (Fig. 5 A, B, C) and
outer stripe (Fig. 5 D, E, F) of the outer medulla and cortex
(Fig. 5 G, H, I), in control (Fig. 5 A, D, G), dehydrated
(Fig. 5 B, E, H), and CHF rats (Fig. 5 C, F, I). We stained
all five kidneys from each group of animals and the local
intensity of hybridization was similar to the representative
pictures in Figure 5. In the kidney of dehydrated rats, a
marked intensity of the signal was observed in inner stripe
of outer medulla (Fig. 5B), compared with control (Fig.
5A). However, the staining intensity was almost similar to
control in the outer stripe of renal outer medulla and cortex
(Fig. 5 E, H). In contrast, in kidneys from rats with CHF, an
intense signal in TAL was observed in the inner stripe (Fig.
5C), through outer stripe (Fig. 5F), to the cortex (Fig. 5H),
suggesting that the rBSC1 message is upregulated through-
out the entire TAL. Kidneys from sham-operated rats
(control for CHF) were also studied and the signal intensity
and distribution were not markedly different from normal
control (data not shown).
Fig. 1. Histological sections (trichrome stain) [10] through the midwall
of the left ventricle. (A) Sham-operated. (B) Infarct of 40% in congestive
heart failure.
Table 2. Infarct size, total lung to body weight ratio, serum sodium and
creatinine, and plasma osmolality in sham-operated and myocardial
infarct rats
Sham-operated Myocardial infarct
Infarct size % ND 39.3 6 1.7
Body wt g 366 6 9 364 6 9
Lung/body wt mg/g 3.2 6 0.6 7.5 6 1.5a
Plasma
Sodium mEq/liter 140 6 2 138 6 3
Creatinine mg/dl 0.4 6 0.1 0.4 6 0.1
Osmolality mOsm/kg z H2O 290 6 2 289 6 4
a P , 0.01 vs. sham-operated
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Expression of rBSC1 protein
To determine whether the observed differential regula-
tion of the transcripts between dehydrated rats and rats
with CHF results in different expression of surface pro-
teins, we performed Western blots (Fig. 6) and a series of
immunoperoxidase studies using anti-BSC1 antibody (Fig.
7). Western analysis clearly demonstrated the increased
signals of rBSC1 proteins in the renal outer medulla of both
water-restricted and CHF kidneys. Immunohistochemistry
in a dehydrated rat showed increased staining density for
rBSC1 distinctly in the inner stripe of outer medulla in TAL
(Fig. 7B). In CHF, this intensified staining was present
throughout the whole TAL (Fig. 7 C, F, I). The staining
Fig. 2. Northern blots of rBSC1 and GAPDH
mRNA. mRNA expression on renal outer
medulla. Five micrograms of total RNA was
used in each lane. (A) Comparison between
normal control and dehydrated (N 5 10; *P ,
0.05). (B) Comparison between sham-operated
and CHF (N 5 5; **P , 0.05).
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Fig. 3. (A) Competitive PCR using total RNAs
from the renal cortex. (B) The intensity ratio of
mimic cDNA to intrinsic rBSC1 is plotted
against the amount of mimic cDNA. The
amount of rBSC1 mRNA in the sample was
calculated from the equivalence point (mimic
cDNA/intrinsic rBSC1 5 1.0).
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pattern in sham-operated rats was similar to that in normal
controls (data not shown).
Hormonal examination
AVP plasma concentration was substantially elevated in
water-restricted rats, but did not change in CHF rats (Table
3). Plasma ANP was significantly increased in CHF rats.
DISCUSSION
In the present study, we examined the transcriptional
alterations of rat bumetanide-sensitive Na-K-Cl cotrans-
porter, rBSC1, in dehydration and cardiac failure, because
sodium transport in TAL is thought to be promoted in
these two conditions in spite of completely different phys-
iological states for sodium and fluid regulation in the two
conditions. The duration of water restriction used in the
present experimental protocol was based on previous stud-
ies. Nielsen et al confirmed that 24 hours of water restric-
tion increases plasma AVP concentration to produce max-
imum urinary concentration and increased the total
amount of AQP2 water channels [10]. Physiological data
demonstrated a definite dehydrated state and a substantial
increase in plasma AVP in these rats. For cardiac failure,
we used the myocardial infarction model, since residual
cardiac function relative to the size of myocardial infarct is
well established [19]. We selected rats with an infarct size of
around 40%, since intrarenal hemodynamics and impaired
renal sodium handling have been well studied in rats with
this size of myocardial infarct [15, 16]. In these rats,
although increased plasma ANP and total lung weight
indicated the presence of CHF, plasma osmolality was still
normal and no significant changes in plasma AVP were
noted.
Our results of Northern blot analysis showed that rBSC1
transcripts were increased in the outer medulla of the
kidney in both dehydrated and CHF animals. In addition,
in situ hybridization demonstrated that the increased
rBSC1 message in the outer medulla of dehydrated rats was
associated with upregulation, particularly in the inner stripe
of outer medulla, whereas rBSC1 mRNA in CHF was
upregulated throughout the entire medullary TAL. Com-
petitive PCR and in situ hybridization clearly showed that
the transcription of rBSC1 in the cortical TAL was in-
creased only in rats with CHF. Furthermore, immunohis-
tochemistry using a specific antibody against rBSC1 con-
firmed the presence of enhanced apical protein expression
in TAL located in the inner stripe of outer medulla in the
dehydrated rat, and throughout the entire TAL in CHF
rats.
At the junction between the inner stripe and outer stripe
of the renal outer medulla, the proximal tubules transform
from a straight segment to that of the descending limb of
Henle loop, which has a high permeability to water. Thus,
enhancement of solute accumulation in this area is consid-
ered to be an efficient mechanism to augment water
reabsorption from both the thin descending limbs and
collecting tubules. Furthermore, since recently identified
mRNA for urea transporter in the descending limb of
Henle is thought to be upregulated segmentally in this area
[12], the distinct segmental upregulation of rBSC1 tran-
scripts observed in the present study may indicate one of
the systemic transcriptional responses of the kidney to
dehydration.
Recently, Yang and coworkers identified four isoforms
of rBSC1 (A, B, F, and AF) based on alternative splicing of
exon 3, and reported that type F is expressed in TAL in the
outer medulla [23]. Using the usual PCR technique to
compare between 13 and 103 dilutions of cDNA, they also
suggested that type F rBSC1 transcripts remained un-
changed in dehydrated rats [23]. However, it is difficult to
detect a twofold increase in the transcriptional level by this
PCR technique. In the present study, both Northern blot
using densimetry and in situ hybridization demonstrated
similar results. Furthermore, the kidney of CHF rats
showed a good positive control of rBSC1 upregulation in
the present study. Thus, although further experiments are
required to determine the increased subtype in this situa-
tion, we suggest that dehydration may induce rBSC1 up-
regulation segmentally in TAL within the inner stripe of the
outer medulla.
In contrast to dehydration, water and sodium retention
was observed in CHF in spite of preserved glomerular
filtration. Studies by Hostetter et al have clearly demon-
strated attenuated urinary sodium excretion in rats with
cardiac failure, the level of which was proportional to the
extent of myocardial infarct [15]. Ichikawa and coworkers
Fig. 3. Continued (C) The average of five such determinations (N 5 5).
*P , 0.01 in comparison with sham-operated rats.
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Fig. 4. Co-localization of Tamm-Horsfall glycoprotein and rBSC1 mRNA detected by the constructed cRNA probe. (A) Staining with anti-Tamm-
Horsfall glycoprotein antibody. (B) Staining with DIG-labeled BSC1 antisense cRNA. Keys (a) and (b) represent the same tubule.
Fig. 5. In situ hybridization of the renal outer medulla. Inner stripe (A, B, and C) and outer stripe (D, E, and F) of outer medulla and renal cortex (G,
H, and I). Control sham-operated (A, D, and G), dehydrated rats (B, E, and H), and rats with myocardial infarction (C, F, and I).
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further examined the same model and found a reduction in
glomerular plasma flow rate and an increase in single-
nephron filtration fraction due to an intense constriction of
the efferent arterioles [16]. The increased tone of efferent
arterioles may represent a physiological response to main-
tain normal glomerular filtration, but this response, in turn,
results in decreased peritubular hydraulic pressure, in-
creased oncotic pressure, and thus, probably enhancement
of proximal tubular sodium and fluid reabsorption. The
present findings that cardiac dysfunction induces upregula-
tion of rBSC1 mRNA throughout the entire TAL could be
considered as an additional mechanism of excessive sodium
and water reabsorption in this condition, accounting for the
clinical effect of loop diuretics used for the treatment of
patients with CHF. Furthermore, since recent reports have
observed the expression of rBSC1 in the macula densa of
the rat kidney [23, 24], the increased rBSC1 expression in
macula densa may influence on the mechanism of tubulo-
glomerular feedback, thus impairing the compensation of
decreased urinary sodium excretion in TAL.
Recently, Xu et al. [17] and Nielsen et al [18] reported
upregulation of AQP2 mRNA in experimental CHF asso-
ciated with increased plasma AVP. Their experimental
protocol included CHF rats exhibiting reduced plasma
osmolality and a tendency for hyponatremia. In the present
study, we excluded those rats with CHF complicated by
hyponatremia in order to avoid the influence of electrolyte
disorders on the ion transporter. This difference in the
selection of animals may explain the stable plasma AVP
concentrations noted in our animals, although further
studies of the AVP V2 receptor, AQP2, and/or urea
transporters are still required in these CHF rats.
Because AVP stimulates sodium transport in medullary
TAL, but not in cortical TAL [25], endogenous AVP is one
of the strong candidates that regulate rBSC1 transcription
especially in dehydration. However, the present findings
Fig. 6. Immunoblots of renal outer medulla using a specific antibody against rBSC1. (A) Fifty micrograms of protein from the renal outer medulla
was used in each lane. (B) Densimetric analysis of each lane.
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that CHF induces rBSC1 upregulation without any signifi-
cant changes in plasma AVP suggest the involvement of
more complex factors in the induction of rBSC1 mRNA,
such as a concentration-dependent effect of AVP, interac-
tion between two or more hormones, local hemodynamic
alterations, or changes in sympathetic nerve stimulation.
Future studies, including the exogenous infusion of AVP or
ANP to confirm the effect of AVP on medullary TAL, are
required to assess the mechanisms of the differentiated
upregulation of BSC1 in different pathophysiological con-
ditions.
In summary, the present study shows the different re-
sponses of rBSC1 transcription to dehydration and conges-
tive cardiac failure. In conjunction with the reported regu-
lation of renal urea transporter message in the dehydrated
rat, the inner stripe of the outer medulla is considered to be
a critical area for enhancement of medullary hypertonicity
in response to dehydration. rBSC1 upregulation in the
Fig. 7. Labeling of TAL by a specific antibody against rBSC1. Inner stripe (A, B, and C) and outer stripe (D, E, and F) of the renal outer medulla and
renal cortex (G, H, and I). Control sham-operated (A, D, and G), dehydrated rats (B, E, and H), and rats with myocardial infarction (C, F, and I).
Table 3. Plasma concentrations of arginine vasopressin (AVP) and




Control 5 3.4 6 0.5 294 6 24
Dehydrated 5 18.7 6 1.7a 77 6 20a
Sham-operated 5 2.9 6 0.7 342 6 19
Myocardial infarct 5 3.5 6 0.4 682 6 31b
a P , 0.01 vs. control
b P , 0.01 vs. sham-operated
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whole TAL of CHF rats may induce inappropriate sodium
handling by the kidney, resulting in excessive sodium and
extracellular fluid accumulation in this condition.
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APPENDIX
Abbreviations used in this article are: AQP2, aquaporin 2 water
channel; ANP, atrial natriuretic peptide; AVP, arginine vasopressin; BSA,
bovine serum albumin; CHF, congestive heart failure; DCT, distal convo-
luted tubule; DIG, digoxigenin; L/body wt, lung/body weight ratio;
mBSC2, mouse bumetanide-sensitive Na-K-2Cl cotransporter; PBS, phos-
phate buffered saline; PCR, polymerase chain reaction; PFA, paraformal-
dehyde; rBSC1, rat bumetanide-sensitive sodium transporter; rTSC1, rat
thiazide-sensitive Na-Cl cotransporter; TAL, thick ascending limb of
Henle; SDS, sodium laurel sulfate; SSC, standard sodium citrate; TBST,
Tris-HCl 1 NaCl 1 Tween 20; THP, Tamm-Horsfall glycoprotein; TNE
buffer, NaCl 1 Tris HCl 1 EDTA.
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